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Abstract 
Brick represents one of the most used materials for the construction of buildings, but the rising demand of building materials and 
increased construction and demolition wastes have encouraged the development of new building materials. However, the 
traditional brick production causes several environmental and human health impacts, so there is a clear need of searching and 
replacing for more efficient and durable alternatives far beyond the limitations of the conventional brick production. 
The production and use of alternative materials, such as geopolymers, represents a great opportunity to ensure greater 
sustainability in the construction sector especially for the use of industrial wastes such as fly ash or blast furnace slag, as 
precursors solid. 
Study results have revealed that the Geopolymeric brick making process consumes less energy and involves low cost in terms of 
raw materials. The production of the former is compared to conventional bricks and their development which is an important step 
to reach better performance and environmental friendly materials.  
The purpose of this article is to evaluate impacts during the life cycle and describes the basic operations of the geopolymeric 
brick manufacturing. The analysis is performed using a life cycle approach to identify and quantify the environmental 
performance of the process.  
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1. Introduction 
Construction sector is responsible for relevant environmental impacts and one of its most crucial points is the use 
of concrete. Concrete is the most widely used construction material in the world and its production causes high 
levels of carbon dioxide (CO2) in the atmosphere.  
Ordinary Portland cement (OPC) has traditionally been used as binder material in concrete and its production 
involves approximately 7% of global anthropogenic CO2 emissions (ATEPAC, Aitec 2011). Bricks and blocks are 
important products for the construction of buildings as walls, paving, and flooring. However, the conventional 
method of their production has caused indisputable shortcomings. The consumption of earth-based materials like 
clay, shale and sand in brick production has resulted in resource depletion, environmental degradation, and energy 
consumption. The brick was anciently produced by mixing the virgin resources, forming the bricks, drying them and 
then firing them (Allen et al. 2011; Venta, 1998). Nowdays the current trend in brick manufacturing has major 
emphasis on the possible use of post-consumer wastes and industrial by-products, because this option prevents an 
increase of the area needed for waste disposal and avoids the utilisation of nonrenewable raw materials used in the 
production of masonry units, thus reducing its environmental impact (Pacheco-Torgal et al., 2013).  
For environmental protection and sustainable development, many researchers have studied the utilization of 
waste materials to produce bricks (Lianyang Zhang, 2013; M.I. Chou et al. 2001; M.S. El-Mahllawy, 2008; M.A. 
Rahman, 1987; I. Demir, 2007). Brooks R. M. (2009) studied also the production of construction materials using 
food industry wastes. The study focused on  Rice Husk Ash (RHA), obtained from the burning of rice husk. The 
husk is a by-product of the rice milling industry. By weight, 10% of the rice grain is rice husk. 
The research can be divided into three categories based on the methods for producing bricks from waste 
materials: firing, cementing and geopolymerization. Geopolymerization is a technology that relies on the chemical 
reaction of amorphous silica and alumina rich solids with alkaline solution to form amorphous to semi-crystalline 
aluminosilicate inorganic polymer or geopolymers. Geopolymers are new materials which have been investigated, 
studied, and utilized for some decades by several researchers throughout the world. In the construction sector, 
geopolymers represent an eco-friendly, low cost and low power consumption alternative of traditional inorganic 
matrices and composites due to the use of industrial by-products as solid precursors and low calcination 
temperatures. Compared to Portland cement, they exhibit some superior engineering properties.  
Studies by Phair et al. (2002), Swanepoe at al. (2002) and Ferone C. et al (2011) showed that some of the most 
commonly used industrial by-products are fly ash and granulated blast furnace slag, which has shown excellent 
properties and performances in geopolymers. Geopolymeric blocks are considered as a new family of eco-
sustainable masonry unit because they widen the possibilities to recycle waste to useful products, especially building 
materials that can contribute to environmental and economical benefits.  
This work is a preliminary investigation on the possibility of utilizing construction and demolition wastes as raw 
materials in the industrial production of geopolymer paving blocks to reduce the demand for natural materials that 
would need quarrying. As a second step, the following aim is the evaluation and comparison of comprehensive 
carbon footprint estimates for both geopolymer and OPC concrete paving blocks production in plants located in  the 
South of  Italy. 
1. Materials and methods 
1.1. Raw materials acquisition 
The present study considers three different and close plants located in the Campania region for speeding up and  
for simplifying the  manufacturing  phases and for diminishing the transport of  raw materials. 
The domestic locations for feedstock sources and OPC and geopolymer paving blocks production are shown in 
Fig. 1 and in Table 1. 
Three plants considered are: 
x  I.P.S. s.r.l company, located in the San Martino Valle Caudina municipality (Avellino’s district), which operates 
in recycling of waste from the construction and demolition sector; 
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x  PROCHIN ITALIA company, located in the industrial area of the Marcianise municipality (Caserta’s 
district),which manufactures chemical products; 
x  F.LLI ABAGNALE PREFABBRICATI CEMENTO company, located in the Castellammare di Stabia 
municipality (Naples’ district), which produces OPC based concrete precast. 
The aim of the present study is to evaluate the possible production of geopolymeric paving blocks in F.LLI 
ABAGNALE company and to compare it with the traditional and present manufacturing. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Territorial framework of plant units of the manufacturing system 
 
Table 1. Geopolymer feedstock and OPC sources 
Material Classification Source company  Life cycle step considered 
CEM  II/A-LL 42,5R Product F.LLI ABAGNALE PREFABBRICATI CEMENTO Acquisition 
NATU-R Waste I.P.S. s.r.l  Acquisition, crushing, preparation, transport  
Coarse aggregates Waste I.P.S. s.r.l  Acquisition, crushing, preparation, transport  
Fine aggregates Waste I.P.S. s.r.l  Acquisition, crushing, preparation, transport  
Grit Product I.P.S. s.r.l  Acquisition, crushing, preparation, transport  
Rheofit 718 
admixture Product F.LLI ABAGNALE PREFABBRICATI CEMENTO  Acquisition 
Sodium hydroxide  Product PROCHIN ITALIA Acquisition 
Sodium silicate Product PROCHIN ITALIA Acquisition 
1.2  NATU-R 
The environmental aspects of waste from the building sector have been of great interest in recent years. For the 
building sector, this means increased recycling, as summarized in Table 2 (EPA, 1998; Cochran et al., 2011; 
Schneider et al., 2011; Formoso CT et al., 2002).  
Recycling of construction and demolition (C&D) wastes can reduce the need for energy and natural resources 
and can also reduce both the need ofr land area for extracting resources and the need of land area for landfill. The 
benefits of recycling depend on the materials and the form of recycling.   
C&D wastes are generally composed of bricks and tiles, concrete rubble, sand and dust, timber, plastics, 
cardboard and paper and metals. Concrete rubble usually constitutes the largest proportion of C&D wastes which 
after separation, crushing and grading can be utilized as a substitute for natural coarse aggregate in concrete or as a 
sub base layer in pavements. 
NATU-R is recycled C&D waste prepared by aggregates production plant, named I.P.S, located in the Campania 
region (Southern Italy). The process production of aggregates is summarized in Fig.2 
Plant units of the system Distance [km] 
F.LLI ABAGNALE - I.P.S s.r.l 71,7 
I.P.S - PROCHIN 38,1 
F.LLI ABAGNALE - PROCHIN 48,4 
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Aggregates manufacturing starts with waste transport to the crushing hopper, then there is the weight phase by 
feeder plates, whose second aim is the definition of particle size category. After that, the resulting material is 
transferred by a main belt conveyor to a vibrating screen composed of three floors. Each floor has different hole 
sizes that lead  to define different particle size categories of recycled aggregates. 
The prepared materials were then characterized by determining their chemical composition, using Atomic 
emission spectroscopy (AES). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic production of NATU-R 
Table 2. Production and reuse of some wastes in Europe (Titura-Barna et al. 2007)  
Type of wastes 
Production 
(Mt/year) 
Annual reuse 
(%) 
Incineration municipal solid waste 10.578 46 
Construction & Demolition waste 420 
0-90 (depends on 
the country) 
Mineal wastes 400 - 
 
Table 3. Chemical composition of NATU-R (wt %). 
Oxides SiO2 Al2O3 CaO Fe2O3 K2O MgO Na2O 
NATU-R 45.10 18.13 10.44 4.56 4.06 3.72 1.68 
1.3 Sodium silicate 
The most common alkaline activator used in geopolymerisation is a combination of sodium hydroxide (NaOH) or 
potassium hydroxide (KOH) and sodium silicate or potassium silicate.  
Palomo et al (1999) concluded that the type of activator plays an important role in the polymerization process.  
Sodium silicate is one of the most important alkaline solutions used in geopolymers production. The solution is 
obtained by the calcination and dissolution in water of carbonate salts and silica to defined ratios, which causes 
energy consumptions and CO2 emissions. In the present study sodium silicate prepared by a chemical production 
plant, named PROCHIN ITALIA, located in the Campania region (Southern Italy).    
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The industrial production of sodium silicate, described in Fig 3, starts in plant with the introduction of waterglass 
in crushing hopper. After the mixing phase, the resulting admixture and water vapor are put into the autoclave by a 
piping system where the admixture pressure increases. Subsequently the admixture is stored in large depressurized  
silos and, after a rest period, the material is subjected to a filter press. Then the sodium silicate solution is canalized 
in horizontal tanks for the sedimentation during which precipitate silicate waste is collected and removed to landfill 
for the final disposal. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Manufacturing process of sodium silicate solution 
1.4 Concrete admixtures 
NaOH solution (5M) concentration and sodium silicate were used for the preparation of geopolymeric concrete 
admixtures. Ordinary Portland cement was used for concrete admixture. 
The samples were cured at 20 ± 2° C and relative humidity of 80%.  
Table 4 summarizes the composition of  OPC and geopolymer admixtures evaluated for the  industrial production: 
 
 
Table 4. Mix design of concrete admixtures for the production of 1200 SBE (SBE=1,814kg) 
Materials Mix design [kg/m3] 
 
OPC based concrete 
Geopolymer 
concrete  
 Admixture admixture 
Fine aggregates 400 
Coarse aggregates 1320 
Grit 380 
Water 120 93.61 
CEM  II/A-LL 42,5R 280 
Rheofit 718 admixture 3 
Geopolymer binder 
 
1212 
IPS aggregates 312.27 
IPS sludge   312.27 
 
2. Manufacturing process 
The conventional process for producing OPC (Ordinary Portland Cement) bricks and blocks is energy intensive 
and consumes natural materials, mainly clay.  
In this study, the attention is focused on the manufacturing production of traditional paving blocks, produced by  
the F.LLI ABAGNALE precast concrete plant and the possible implementation of the manufacturing process of 
geopolymeric paving blocks.  
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The traditional manufacturing process consists of the certificated rax materials acquisition, transport in plant, 
grinding, storage in silos, metering and dry mixing, mixing with water and pouring in mobile press machines.   
This machine works by a combination action of pressure and vibration to reach a  high performance precast. 
The mobile press machine is provided with different iron interchangeable equipment measuring and variable size, 
depending on the type of the desired final product. After the vibro-pressing phase, final products have to be cured 
for 24 hours at environment temperature and then they are packed and stored in the plant. 
The geopolymerization method for producing blocks from C&D waste includes fewer steps and consumes much 
less energy than the conventional method. 
The description and differences of the two different processes is given in figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Schematic manufacturing process of bricks and blocks: (a) using conventional method and (b) using geopolymerization method 
 
3. Environmental assessment of the manufacturing process 
The reduction of CO2 emissions and energy consumption in the cement industry has recently become a crucial 
issue. The use and production of alkali-activated (and consequently geopolymers) binders has gradually attracted 
attention since the late 1990s as another relevant effort to reduce CO2  emissions in concrete production (Pacheco-
Torgal et al., Duxson et al., 2007; 2008; Shi et al., 2006). One of the methods available for assessing the 
environmental impacts of materials and components within the building sector is the Life Cycle Approach.  
LCA has been defined as a systematic tool to measure industrial processes and products by examining the flow of 
energy and material consumption, waste released into the environment and evaluate alternatives for environmental 
improvement (R. Fay et al., 2000; J.B. Guinée, 2002; J.-G. Wu et al., 2010) during their life cycle, from cradle to 
grave. It is accepted internationally as a tool (based on international standards of series ISO 14040) to improve 
processes and services environmentally and it can apply to a wider field, including in the building industry (O. Ortiz 
et al., 2009; J. Fava et al., 2009). 
A typical LCA study is given in figure 5. It always begins with the definition of the goal and scope of the study, 
which establishes system boundaries, the functional unit (quantitative description of the service performance of the 
investigated product system) and quality criteria for the inventory data and explains how the results are to be 
communicated. Next step is the inventory phase based on the identification and the quantification of energy and 
material consumption, as well as waste production and direct and indirect emissions. At the end, different impact 
indicators are used to define the environmental impact of geopolymer concrete within each category. 
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Fig. 5. Life cycle analysis framework 
 
The innovation of this method is the evaluation of the cumulative environmental impacts, including impacts not 
considered in more traditional analyses. 
However, although geopolymers are presented by many authors as a solution for “green” concrete, there are 
several studies which quantify the environmental impact of geopolymers (Davidovits, 1999; Duxson et al., 2007) but 
nothing about a life cycle approach applied to bricks or blocks manufacturing. 
4. Life cycle approach 
The objective of this study is to perform a detailed life cycle analysis of manufacturing production of 
geopolymeric concrete paving blocks and to compare it with the production of the OPC based concrete one. The 
analysis of the studied system does not include every stage of the product’s life cycle (cradle to grave) but ends at an 
intermediate stage (cradle to gate), so the entire system is characterised by treatment operations and the  raw 
materials transport in the plant, the production of mixtures and artifacts, and, finally, storage and transport of the 
finished product, as summarized in Fig. 6. The approach taken in this work doesn’t consider the durability or service 
life of geopolymeric and OPC blocks. This is omitted because the service life is still yet to be elucidated for 
geopolymers as they are an emerging product. However, the testing of geopolymer concrete of several studies has 
indicated that the durability and service life should be better than that of traditional concretes. Thus the assumption 
of equal durability and service life is likely to underestimate the benefit of geopolymers over OPC-based concretes. 
Recycling of end-of-life products is also omitted for this assessment. 
 
 
Fig. 6. Description of the life cycle of production of (a) residential geopolymer concrete artifacts and (b) residential OPC based concrete ones 
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The Functional Unit of the present study is defined as CO2-e emitted due to the activities necessary to manufacture 
10000 SBE, where SBE (Standard Brick Equivalent) is the unit constant that was used in this study to compare 
residential concrete paving blocks made with OPC and geopolymer binders. Carbon dioxide equivalency is a 
quantity that describes, for a given mixture and amount of greenhouse gas, the amount of CO2. It is a standard unit 
for measuring carbon footprints used to express the impact of each different greenhouse gas in terms of the amount 
of CO2 that would create the same amount of warming, when measured over a specified timescale. That way, a 
carbon footprint consisting of lots of different greenhouse gases can be expressed as a single number. 
Carbon dioxide equivalency is defined by equation 1: 
 
ܥܱଶି௘ ൌ  ൈ  ൈ 
      (1) 
Where 
x Q is the quantity of fuel combusted to undertake a particular activity (kg);  
x EC is the energy content of the specific fuel type (s) utilized to undertake the activity (J/kg);  
x GWP is the total global warming potential of the specific fuel type, comprised of the sum of the emissions of 
individual global warming gases (kg CO2-e/J). 
 
The EC and GWP factors used in this study, summarized in Table 5 and 6, were based on several sources, 
indicated below. Eq. (1) was implemented using the emission factors shown in Table 5 and 6. According to IPCC 
National Greenhouse Gas Inventories Guidelines (2006), the most common methodological approach for assessing 
emission factors (EF) is to combine information on the extent to which a human activity takes place, called activity 
data (AD), with coefficients which quantify the emissions or removals per unit activity. 
Emissions are defined by Eq. (2): 
 
ܧ݉݅ݏݏ݅݋݊ݏ ൌ ܣܦ ൈ ܧܨ                                                                                       (2) 
 
This basic equation can be modified in some circumstances to include other estimation parameters than emission 
factors. 
To estimate CO2-e arising from a particular activity, the quantity and type of fuel was identified by reference to 
audited records obtained from the relevant manufacturers, suppliers, and contractors. A further important factor 
regarding estimation of CO2-e is the consideration of energy expended during elevated temperature curing of 
geopolymers, a necessary requirement for reasonable strength development that has not been considered in past 
studies 
 
Tab 5. Emissions factors for raw materials preparation 
Energy source CO2-e = Emission factora,b x EC x GWP Unit Source 
Coarse aggregates 0,048 kg CO2-e/kg  product Collins, F. (2010) 
Fine aggregates 0,0139 kg CO2-e/kg  product Collins, F. (2010) 
Cement 0,904 kg CO2-e/kg  product 
IPCC Good Practice Guidance, Chen, C. 
(2009), Chen, C. et al (2009) 
Silicates solution 1,222 kg CO2-e/kg  product Turner L.K. (2013), Fawer, M. et al (1999) 
Hydroxides solution 1,915 kg CO2-e/kg  product 
Turner L.K. (2013), Althaus, H. J. Et al 
(2007) 
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Tab 6. Emissions factors utilised to estimate CO2 liberated for different fuel types 
Energy source CO2-e = Emission factora,b x EC x GWP Unit Source 
Diesel 2,68 kg CO2-e/L 
IPCC Good Practice Guidance, Turner L.K. 
(2013), Federal Register (2009) EPA 
Eletricityc 1,35 kg CO2-e/kW h 
Turner L.K. (2013), Federal Register 
(2009) EPA 
Liquid petroleum gas  
(GPL) 
1,54 kg CO2-e/L Turner L.K. (2013) 
 
5. Results 
This study quantifies the carbon dioxide equivalent emissions (CO2-e) generated by all the activities necessary to 
obtain raw materials, concrete manufacturing, and construction of 10000 SBE. The CO2-e footprint generated by 
concretes comprising geopolymer binders and 100% OPC concrete are compared. The study doesn’t include 
emissions due to sodium silicate solution manufacturing because manufacturers don’t disclose any specific technical 
information about emissions from the processes and energy use. As a result, our estimates of energy use and 
consumptions are based on the inventory of the energy consumed for the production of sodium silicate reported by 
Fawer et al. Our results show that the production of geopolymer concrete paving blocks has a slightly lower CO2 
footprint than standard Ordinary Portland Cement (OPC) concrete ones, as summarized in fig. 8. 
 
Fig. 7. CO2 footprint of production of (a) OPC based concrete paving blocks and (b) geopolymer concrete ones 
 
However they also reveal that the production of geopolymer concrete cause a higher environmental impact 
regarding heavy effects of the production of the sodium silicate solution. The CO2 footprint of geopolymer concrete 
is approximately 16% less than comparable concrete containing 100% OPC binder. 
 Key factors that led to the higher than expected emissions for geopolymer concrete included the acquisition, 
treatment and transport of raw materials for manufacture of alkali activators for geopolymers, expenditure of 
significant energy during manufacture of alkali activators, and the need for elevated temperature curing of 
geopolymers. 
6. Future developments 
The last methodology step should include the life-cycle cost analysis in order to make a choice that is 
economically correct.  
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The life-cycle cost (LCC) is the total cost of owning, operating, maintaining and eventually disposing raw 
materials and components of  a product or service over a given study period.  
In this study, it can be a useful tool to evaluate economic advantages and disadvantages over a specific period of 
the life cycle of geopolymeric products to traditional ones. As a result, this methodology can identify the most 
promising combinations for this specific application field and obtain information for the optimization process. 
This research will provide scientific background for environmentally sustainable alternatives to conventional 
concrete based paving blocks with much more attention to the reduction of CO2 emissions and global warming 
potential. 
7. Conclusions 
This study highlights that the use of C&D waste for making paving blocks will address sustainable issues such as 
the resource conservation and conversion of by-products to useful and valuable products.  
As a second point, it’s clear that the alkali activators cause high CO2 inventories because the production process 
involves the calcinations of carbonates. Hence, the CO2 footprint of the geopolymer concrete paving blocks is 
dependent on the type, concentration, and dosage of the alkali activators. As a result, it’s a clear need to focus on 
further research using admixtures characterized by different solution and precursor ratio and consequently analyse 
and comprare their environmental impacts. 
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